There is a growing interest in Zn 1Àx Be x O (ZBO)/ZnO heterostructures and quantum wells since the band gap energy of ZBO solid solutions can be tuned over a very large range (3.37-10.6 eV) as a function of the Be composition. Due to its extremely large exciton binding energy (263 meV for Zn 0.8 Be 0.2 O/ZnO), ZBO/ZnO has been utilized in ultraviolet light emission diodes and lasers, and may find applications as active elements of various other electronic and optoelectronic devices. In this study, we report the results of an ab initio study on valence and conduction band offsets (DE C and DE V ) of strain-free and epitaxial ZBO/ZnO heterostructures. These offsets determine the degree of the localization of charges at the interfaces of semiconductor multilayers and thus their electronic/ optoelectronic properties. We show that while DE V of strain-free ZBO/ZnO varies almost linearly from 0 eV to À1.29 eV as Be composition increases from 0 to 1, there is a large nonlinear increase in 
I. INTRODUCTION
There is a growing interest in ZnO-BeO solid solutions (Zn 1Àx Be x O-ZBO) that display a wide ultraviolet (UV) band gap (E g ) tuning range from 3.37 eV (ZnO) to 10.6 eV (BeO). ZBO films have been synthesized via hybrid beam deposition and resonant-frequency magnetron co-sputtering techniques.
1,2 Furthermore, ZBO/ZnO nanowires were obtained by the doping of elemental Be into ZnO nanowires using thermal evaporation. 3 An important feature observed experimentally is that ZBO thin films do not display a phase separation over the entire composition range. 1 Both ZnO and BeO have the same prototypical wurtzite structure, although the lattice parameter of BeO is about 17% smaller than that of ZnO. The findings of Ryu et al. show that ZBO has the potential to replace Zn 1Ày Mg y O (ZMO) alloys, which have been studied extensively for applications in electronics and optoelectronics devices. 1, 4 In the ZMO system, the solubility of MgO in ZnO is limited (0 < y < 0.33), which restricts the spectrum of the band gap to a very narrow range (3.37 eV < E g < 3.99 eV). 5 Recognizing that BeO is completely soluble in ZnO in thin film form, [0001] Zn 0.8 Be 0.2 O/ ZnO multiple quantum well heterostructures have been fabricated as active regions in ZnO-based light emitting diodes (LEDs) and lasers. 4, 6 The exciton binding energy of such constructs has been found to be exceptionally large (263 meV), 6 indicating that these quantum wells are suitable for high-speed and high-power light emitting devices. In addition, considering the large band gap and the low optical absorption in visible and near infrared regions, 2,7 ZBO and ZBO/ZnO heteroepitaxial structures may also find promising applications in UV detectors, thin film transistors, and transparent conductive oxides. 8 The literature on ZBO is limited to a few experimental and theoretical studies that concentrate on the crystal/electronic structure, band gap energies, and optical properties. [8] [9] [10] [11] For ZBO based heterostructures and quantum wells to be viable alternatives to materials systems in current and potential electronic and optoelectronic devices, it is imperative to understand how the band edges change at the interlayer interfaces in a strained ZBO-based heterostructure. 12 This is because discontinuities in the conduction and valence bands give rise to quantum confinements of electrons and holes that play an important role in carrier transport and optical properties of devices. 13 This is the topic of this study wherein we analyze systematically the band offsets in ZBO heterostructures using first-principles calculations via the density functional theory (DFT). We specifically focus on ZBO/ZnO heterostructures because the band offsets of ZnO with other semiconductors such as Si, SiC, GaN, and Cu 2 O have been studied in detail for optoelectronic and photovoltaic applications. [14] [15] [16] [17] Therefore, the relative band alignment of ZBO with such materials can be obtained through the transitivity rule using the knowledge on ZBO/ZnO band offsets. Our results indicate that the conduction band offsets (DE C ) between strain-free ZBO and ZnO (i.e., the "natural" DE C ), show a large parabolic bowing as a function of x. We also show that DE C and valence band offset (DE V ) in a heteroepitaxial ZBO/ZnO structure deviate significantly from their natural values depending on the growth orientation of ZBO and the commensurate in-plane misfit strains due to the lattice mismatch. Since the degree of localization of electrons and holes is determined by band offsets, these results are expected to have a great impact on the electrical and optical properties of ZBO-based heterostructures.
II. COMPUTATIONAL METHODOLOGY
We employ here DFT calculations using projectoraugmented wave pseudopotentials 18 as implemented in the VASP code. 19 The plane-wave functions are expanded with an energy cut-off of 500 eV. The exchange-correlation functional is treated within the PW91 generalized gradient approximation (GGA). 20 ZnO and BeO are studied in their most stable wurtzite structure (P6 3 mc). Ideally, the modeling of disordered ZBO alloys would require an infinitely large supercell but this is computationally infeasible. As such, we construct an orthorhombic/wurtzite equivalent supercell consisting of 32 atoms (Fig. 1) . We have utilized such supercells in the calculation of the bulk spontaneous polarization and piezoelectric coefficients of ZBO solid solutions as a function of the Be concentration x.
8 Our results also show that these structures are sufficiently large to reproduce the experimentally measured lattice parameters and band gap bowing of ZBO. 8 In bulk computations, a 9 Â 9 Â 6 and 3 Â 6 Â 6 C-centered k-point mesh in the first Brillouin zone is found to yield well-converged results for ZnO (BeO) and ZBO. For the calculation of electrostatic potential energies, we employ a stack consisting of 14 atomic layers of ZnO, BeO, or ZBO along the [10 10 ] direction and a vacuum region (see, e.g., Fig. 2 ). This particular nonpolar orientation is selected to avoid the internal electric field that would otherwise be created by the abrupt termination of the spontaneous polarization at the surfaces of a given slab if a polar or semi-polar orientation were chosen. The thickness of the vacuum region is taken as 12 Å to prevent interactions between periodic images. The number of k-points is reduced to 1 in the [10 10] direction. The atomic positions are optimized until all components of the force on each atom were reduced to the values below 0.02 eV/Å .
We first compute the relative band edge positions of bulk (unconstrained and strain-free) ZBO as a function of x [x ¼ 0 (ZnO), 0.25, 0.50, 0.75, and 1 (BeO)] with respect to the potential energy of vacuum (E Vac ) as the reference state. This is achieved via a two-step process that has been employed in the theoretical computation of band offsets of several other materials systems with large lattice mismatches (e.g., GaN/ In x Ga 1Àx N, Si/ZnO, and Si/In 2 O 3 ). 16, 21 As an example, we provide the details of this methodology for the calculation of the relative band edges for ZnO (x ¼ 0). First, we determine the energy of conduction and valence band edges (E C and E V , respectively) that are given with respect to the volumetric average of the electrostatic potential (E Bulk ) of unstrained ZnO. Second, the atomic positions of the ZnO slab in Fig. 2 are completely relaxed before the potential energy due to the electronic interactions is calculated. No noticeable atomic displacements are found near the center of the ZnO slab, indicating that this is a "bulk-like" region. The planar average of the potential energy along the [10 10] direction (Fig. 2 , solid line) varies continuously from an oscillating pattern in the ZnO region to a constant value of E Vac in the vacuum region.
To determine E Bulk , the solid line in Fig. 2 is further averaged over the distance of one ZnO unit cell along the [10 10] direction (dashed line in the ZnO bulk-like region). As such, relative positions of E Bulk and E Vac can be found by the average electrostatic potential energies in the ZnO and the vacuum regions. Finally, combining the results of the two steps, we mark the positions of E C and E V in Fig. 2 .
III. NATURAL BAND OFFSETS BETWEEN UNSTRAINED ZBO AND ZnO
We proceed next with the determination of the natural band offsets. Natural DE V between bulk ZBO and ZnO is given by 
where I is the ionization energy. Similarly, DE C is
AðZn 1Àx Be x OÞ À AðZnOÞ;
where A is the electron affinity. It is known that the absolute values of I, A, and E g of semiconductors and insulators cannot be predicted accurately by GGA. 22 This can be corrected utilizing the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional. 23, 24 However, the calculations using HSE06 are extremely time-intensive, especially for atomic relaxations in large supercells, 21 such as the ones given in Figs. 1 and 2 . The relatively simpler GGA is used in this study for the computation of the relative positions of E V because the difference in ionization energies, i.e., the natural DE V , has been found to be insensitive to the choice of exchange-correlation functional between semiconductor systems with a common anion (or cation) and with the same crystal structure. 21, 25 As such, we employ the values of ionization energy obtained by GGA calculations to determine the relative E V positions between ZnO and ZBO (Fig. 3 ) through Eq. (1). E V of strain-free BeO is 1.29 eV lower than that of ZnO, matching exactly the result from another DFT study that employs the metastable zinc-blende structure for ZnO and BeO in their calculations. 26 The relatively higher E V in ZnO can be explained by the repulsive interaction between Zn 3 d and O 2 p electrons that pushes the valence band edge upwards. As a comparison, there are 10 3 d electrons in each Zn atom whereas there are none in Be. The interpolation of E V of ZBO features a very small parabolic bowing (À0.77 eV) as a function of x. For the calculation of the relative positions of E C for ZnO and BeO shown in Fig. 3 , we use the relation
for which the real E g values of ZnO (3.37 eV) and BeO (10.6 eV) were used to overcome the limitations of GGA.
Since E g of bulk ZBO has not been experimentally measured, the band gap energies in Eq. (3) 
where a composition dependent bowing parameter b obtained from DFT calculations was utilized. 8 Compared to E V , Fig. 3 shows that E C varies nonlinearly from 0 eV (x ¼ 0) to 5.94 eV (x ¼ 1) with a stronger degree of bowing (5.11 eV) . This is associated with the large average bowing parameter of E g in Eq. (4) with hbi ¼ 5.33 eV. 8 
IV. BAND OFFSETS OF PSEUDOMORPHIC ZBO/ZnO HETEROSTRUCTURES
The results above are natural band offsets between strain-free and unconstrained ZnO and ZBO. In a pseudomorphic ZBO/ZnO heteroepitaxial quantum well structure, there are in-plane stains due to the lattice mismatch: Lattice parameters of bulk Zn 1Àx Be x O vary linearly from a ¼ 3.277 Å and c ¼ 5.495 Å for x ¼ 0 to a ¼ 2.710 Å and c ¼ 4.405 Å for x ¼ 1. 8 Strains of this magnitude can induce significant shifts in the electronic band edges and hence alter the band offsets. 12, 13, 27 To determine the role of the misfit strain, we consider here two differently oriented epitaxial ZBO films with x ¼ 0.25 on thick ZnO "substrates. Fig. 1(a) ].
We proceed first with the determination of the lattice parameters that are different from their unconstrained and strain-free (bulk) values due to the misfit strain. This can be achieved through a straight-forward application of Hook's law:
in the contracted notation. Here, r i , e j , and C ij are the internal stresses, internal strains, and elastic stiffness coefficients, respectively. For c-plane Zn 0.75 Be 0.25 O/ZnO heterostructures, the mechanical boundary conditions require that
, and e 4 ¼ e 5 ¼ e 6 ¼ 0. As such, Eq. (5) for a wurtzite structure is reduced to
where C 11 , C 12 , C 13 , and C 33 are calculated via DFT to be 228.87 GPa, 115.75 GPa, 98.54 GPa, and 237.85 GPa, respectively. 28 Using the bulk in-plane lattice parameters of Zn 0.75 Be 0.25 O and ZnO, the in-plane misfit e // is 0.045, and the out-of-plane stress-free stain e 3 along the [0001] direction is À0.040 [e 3 ¼ Àðe 1 þ e 2 ÞC 13 =C 33 , which follows from Eq. (6)]. We also investigate here m-plane heterostructures since this non-polar growth orientation in wurtzite III-nitrides and II-oxides reduces the spatial separation of electrons and holes, increasing their recombination rate and thus the efficiency of light emission devices. 29, 30 Equation (5) for the case of m-plane growth is
for which e 1 ¼ 0. 
